ABSTRACT MicroRNAs (miRNAs) are ;21-nucleotide noncoding RNAs that play critical roles in regulating plant growth and development through directing the degradation of target mRNAs. Axillary meristem activity, and hence shoot branching, is influenced by a complicated network that involves phytohormones such as auxin, cytokinin, and strigolactone. GAI, RGA, and SCR (GRAS) family members take part in a variety of developmental processes, including axillary bud growth. Here, we show that the Arabidopsis thaliana microRNA171c (miR171c) acts to negatively regulate shoot branching through targeting GRAS gene family members SCARECROW-LIKE6-II (SCL6-II), SCL6-III, and SCL6-IV for cleavage. Transgenic plants overexpressing MIR171c (35Spro-MIR171c) and scl6-II scl6-III scl6-IV triple mutant plants exhibit a similar reduced shoot branching phenotype. Expression of any one of the miR171c-resistant versions of SCL6-II, SCL6-III, and SCL6-IV in 35Spro-MIR171c plants rescues the reduced shoot branching phenotype. Scl6-II scl6-III scl6-IV mutant plants exhibit pleiotropic phenotypes such as increased chlorophyll accumulation, decreased primary root elongation, and abnormal leaf and flower patterning. SCL6-II, SCL6-III, and SCL6-IV are located to the nucleus, and show transcriptional activation activity. Our results suggest that miR171c-targeted SCL6-II, SCL6-III, and SCL6-IV play an important role in the regulation of shoot branch production.
INTRODUCTION
Plant shoots are initiated by the formation of new meristems in the axils of leaves and are regulated by a complicated network. The secondary axillary meristems are tightly regulated by the developmental stage, environmental factors, and phytohormones (McSteen and Leyser, 2005; Ongaro et al., 2008; Wang and Li, 2008) . Auxin (indole-3-acetic acid, IAA) is proposed to be the primary phytohormone that acts to maintain shoot apical dominance in higher plants (Lincoln et al., 1990; Leyser et al., 1996; Hamann et al., 1999; Dharmasiri et al., 2007; Teale et al., 2008) . Based on the observation that direct application of cytokinin to buds can start their development even in the presence of apical auxin, cytokinin is thought to antagonize auxin to promote axillary bud development (Li and Bangerth, 2003) . The newly discovered phytohormone strigolactone negatively regulates shoot branching and tillering in Arabidopsis and rice, respectively (Gomez-Roldan et al., 2008; Umehara et al., 2008) .
Genetic and molecular studies suggest a role for several genes in the regulation of secondary axillary meristem development. LATERAL SUPPRESSOR (LAS), a member of the GRAS gene family that encodes a putative transcriptional factor, specifically regulates the initiation of axillary meristems during the vegetative phase of development in Arabidopsis (Greb et al., 2003) . The ortholog of LAS in rice, MONOCULM1 (MOC1), promotes tiller formation . The R2R3 MYB class transcriptional factor REGULATOR of AXILLARY MERISTEMS REVOLUTA (RAX) controls the formation of axillary meristems in overlapping zones along the shoot axis (Keller et al., 2006; Muller et al., 2006) . MicroRNAs (miRNAs) are post-transcriptional negative regulators in plants and animals (Lee et al., 1993; Reinhart et al., 2000; Lau et al., 2001; Lee and Ambros, 2001; Reinhart et al., 2002; Rhoades et al., 2002; Stark et al., 2003; Ramachandran and Chen, 2008; Grant-Downton et al., 2009) . Nearly 200 miRNAs were found through high-throughput sequencing technology in Arabidopsis thaliana (Lu et al., 2005; Chen, 2009) . A large portion of the conserved miRNAs regulates target genes that encode transcription factors with roles in developmental patterning, such as cell proliferation, developmental timing, meristem identity, and patterning (Chen, 2009; Chuck et al., 2009; Ruiz-Ferrer and Voinnet, 2009 ). The miRNA pathway, including miRNA biogenesis and function, or disruption of specific miRNA-target interactions, can regulate developmental processes (Chen, 2009; Chuck et al., 2009; Ruiz-Ferrer and Voinnet, 2009) . For examples, miR160 regulates shoot and root development through the cleavage of the AUXIN RESPONSE FACTOR10 (ARF10), ARF16, and ARF17 transcripts (Mallory et al., 2005; Wang et al., 2005; Liu et al., 2007) , miR165/166-targeted REVOLUTA (REV), PHABULOSA, PHAVOLUTA, CORONA, and ATHB8 to promote abaxial identity of lateral organs (McConnell et al., 2001; Emery et al., 2003; Juarez et al., 2004; Mallory et al., 2004) , and miR164-targeted CUP-SHAPED COTYLEDON1 (CUC1), CUC2, and CUC3 to suppress the development of shoot buds (Vroemen et al., 2003; Ernst et al., 2004; Olsen et al., 2004; Raman et al., 2008) . In Arabidopsis, there are three miR171s: miR171a to c. The nucleotide sequences of miR171b and miR171c are the same and the sequence of miR171a differs with that of miR171b and miR171c by only one nucleotide (Sunkar and Zhu, 2004; Sunkar et al., 2005) . The GRAS gene family members SCL6-II, SCL6-III, and SCL6-IV are predicted to be miR171 targets (Llave et al., 2002a) , and SCL6-III and SCL6-IV mRNA is cleaved by miR171a (Llave et al., 2002b) . Recently, it has been shown that transgenic plants overexpressing MIR171a exhibit multiple development defects, including reduced shoot branching (Song et al., 2010) . However, due to lack of characterization of scl6-II, scl6-III, and scl6-IV mutant phenotypes, whether miR171 regulates shoot branching through the cleavage of SCL6-II, SCL6-III, and SCL6-IV transcripts remains largely unknown.
Here, by generating transgenic plants constitutively expressing MIR171c (35Spro-MIR171c), we demonstrate that miR171c plays a role in the inhibition of shoot branching. Through the detection of SCL6 expression in 35Spro-MIR171c plants, and the generation of 35Spro-MIR171c plants expressing the miR171c-resistant version of SCL6, we demonstrate that SCL6-II, SCL6-III, and SCL6-IV are the targets of miR171c in planta. Through genetic studies, we show that scl6-II scl6-III scl6-IV triple mutant plants display a dramatically reduced shoot branching phenotype, similar to 35Spro-MIR171c plants, and that SCL6-II, SCL6-III, and SCL6-IV act redundantly to regulate shoot branching. Cellular localization studies indicate that SCL6-II, SCL6-III, and SCL6-IV are nuclear-localized. Our characterization of the role of miR171c and its targets SCL6-II, SCL6-III, and SCL6-IV in regulating shoot branching advances our understanding of microRNA functions in higher plants.
RESULTS

Overexpression of Arabidopsis MIR171c in Arabidopsis Results in a Dramatic Decrease in Shoot Branching
When we investigated the function of rice miRNA171 (OsMIR171), we transformed a construct expressing OsMIR171a fused to the cauliflower mosaic virus 35S promoter into wildtype (WT) Arabidopsis (see Supplemental Figure 1A ). To our surprise, we found that transgenic 35Spro-OsMIR171a lines showed a dramatically reduced shoot branching phenotype (see Supplemental Figure 1B ). Since the sequence of OsmiR171a is the same as that of Arabidopsis miR171c (Sunkar et al., 2005) , we asked whether Arabidopsis MIR171c might be involved in the regulation of shoot branching in Arabidopsis. We prepared a construct constitutively expressing Arabidopsis MIR171c, transformed it into Arabidopsis, and analyzed the expression of miR171c in 35Spro-MIR171c transgenic lines by Northern blotting ( Figure 1B ). The 35Spro-MIR171c transgenic lines showed a reduced shoot branching phenotype, similar to 35Spro-OsMIR171a plants ( Figure 1A ). Quantitative analysis of shoot branching indicated that more than 70% of transgenic 35Spro-MIR171c lines 2 and 3 plants and 100% of line 4 plants did not produce rosette branches ( Figure 1F ). In addition, more than 80% of the plants of all three lines did not develop cauline branches ( Figure 1G ), resulting in more than 60% of plants having no shoot branches ( Figure 1H ). Moreover, the plant height of these lines was significantly higher than that of wild-type ( Figure 1A and 1I) .
SCL6-II, SCL6-III, and SCL6-IV are predicted to be miR171 targets (Llave et al., 2002a; Rhoades et al., 2002) , and SCL6-III and SCL6-IV mRNA is cleaved by miR171a (Llave et al., 2002b) . To determine whether SCL6 mRNA is cleaved by miR171c in 35Spro-MIR171c lines, we analyzed the expression pattern of SCL6-II, SCL6-III, and SCL6-IV genes in these lines by Northern blotting. As shown in Figure 1C -1E, the full-length transcripts of all these SCL6 genes were present in wild-type plants, whereas they were barely detectable in 35Spro-MIR171c lines. Compared with wild-type plants, the transgenic lines accumulated more 3' cleaved products of SCL6-II, SCL6-III, and SCL6-IV. These results demonstrate that miR171c likely acts to repress shoot branching and promote shoot elongation through cleaving SCL6-II, SCL6-III, and SCL6-IV transcripts.
SCL6-II, SCL6-III, and SCL6-IV Are miR171c Targets
To further determine whether the reduced shoot branching phenotype observed in 35Spro-MIR171c plants resulted from cleavage of SCL6-II, SCL6-III, and SCL6-IV mRNA by miR171c, we prepared constructs constitutively expressing mutant versions of these genes (mSCL6-II, mSCL6-III, and mSCL6-IV) fused to the firefly luciferase gene (LUC), and transformed them into the 35Spro-MIR171c#2 background, respectively. These mutant SCL6 genes encode the same amino acid sequences as the wild-type SCL6 genes, but their transcripts are resistant to miR171c cleavage (Figure 2A ). The expression of mSCL6-II-LUC, mSCL6-III-LUC, and mSCL6-IV-LUC fusion proteins in double transformants was analyzed by quantification analysis of luciferase activity ( Figure 2C ); the expression of miR171c was assayed by Northern blotting ( Figure 2D ). MiR171c was expressed in most of the double transgenic plants, except in 35Spro-mSCL6-IV-LUC#5/ 35Spro-MIR171c#2 plants ( Figure 2D , sample 9). This line accumulated very low levels of miR171c, presumably due to silencing of the 35Spro-MIR171c transgene. Shoot branching and plant height phenotype analyses demonstrated that except for the silenced line, all double transgenic lines produced considerably more shoot branches than either 35Spro-MIR171c#2 or wild-type plants ( Figure 2E ), and were significantly shorter than 35Spro-MIR171c#2 plants ( Figure 2F ). These data, in conjunction with the Northern blotting results ( Figure 1C-1E) , strongly suggest that SCL6-II, SCL6-III, and SCL6-IV are miR171c targets in planta.
MIR171, SCL6-II, SCL6-III, and SCL6-IV Share Similar Expression Patterns
The demonstration that the SCL6 genes are miR171c targets led us to predict that the expression patterns of MIR171c and SCL6 genes might be similar. To test this, we investigated the expression patterns of these genes by generating transgenic plants expressing b-glucuronidase (GUS) fused to the promoters of MIR171c, SCL6-II, SCL6-III, and SCL6-IV (MIR171cpro-GUS, SCL6-IIpro-GUS, SCL6-IIIpro-GUS, and SCL6-IVpro-GUS), respectively. As anticipated, histochemical staining for GUS activity indicated that these genes were strongly expressed in cotyledons, hypocotyls, roots, leaves, and flowers ( Figure 3A-3L ). We also examined the expression patterns of MIR171a and MIR171b by generating transgenic lines expressing MIR171apro-GUS and MIR171bpro-GUS, respectively, and found that the expression patterns of these genes were similar to those of MIR171c and SCL6 ( Figure 3M-3R ).
SCL6-II, SCL6-III, and SCL6-IV Act Redundantly to Promote Shoot Branching
With the demonstration that SCL6-II, SCL6-III, and SCL6-IV are miR171c targets, we predicted that the phenotypes of loss-offunction SCL6-II, SCL6-III, and SCL6-IV mutant plants would resemble those of 35Spro-MIR171c plants. We identified and characterized T-DNA insertional mutants of scl6-II (FLAG_239F03), scl6-III (SALK_150134), and scl6-IV (CS100299) by PCR genotyping ( Figure 4A and 4B). We generated scl6-II scl6-III, scl6-II scl6-IV, and scl6-III scl6-IV double mutants, and scl6-II scl6-III scl6-IV triple mutant with these single mutants by sexual crossing. RT-PCR analysis indicated that the scl6-II scl6-III scl6-IV mutant barely accumulated SCL6-II and SCL6-III transcripts, but clearly accumulated SCL6-IV transcripts ( Figure 4C ). As shown in Figure 5A , the shoot branching phenotype of scl6-II, scl6-III, and scl6-IV single mutants, and scl6-II scl6-IV and scl6-III scl6-IV double mutants, is similar to that of the wild-type plants. In contrast, the shoot branching phenotype of scl6-II scl6-III double mutant and scl6-II scl6-III scl6-IV triple mutant is identical to that of 35Spro-MIR171c#2 plants (samples 5 and 8 versus sample 9). Quantitative analysis of shoot branching demonstrated that the total branches of scl6-II, scl6-III, and scl6-IV single mutants, and scl6-II scl6-IV and scl6-III scl6-IV double mutants, is similar to that of the wild-type. However, scl6-II scl6-III double mutant and scl6-II scl6-III scl6-IV triple mutant, like 35Spro-MIR171c#2 plants, barely produced shoot branches ( Figure 5B ). The plant height of scl6-II, scl6-III, and scl6-IV single mutants, and scl6-II scl6-IV and scl6-III scl6-IV double mutants, is indistinguishable from that of the wild-type. In contrast, the plant height of scl6-II scl6-III and scl6-II scl6-III scl6-IV mutants is significantly greater than that of either wild-type or 35Spro-MIR171c#2 plants ( Figure 5C ). These results suggest that SCL6-II, SCL6-III, and SCL6-IV may act to promote shoot branching and repress shoot elongation in a redundant manner. The observation that the scl6-II scl6-IV and scl6-III scl6-IV double mutant did not show obvious branching or plant height phenotypes, and that the branching and plant height phenotypes of scl6-II scl6-III double mutants and scl6-II scl6-III scl6-IV triple mutants were basically indistinguishable might be due to the fact that the SCL6-IV mutation is not null. (A) Alignment of partial mRNA sequences of SCL6-II, SCL6-III, SCL6-IV, and miR171c. Free energies of duplex structures were calculated using the Mfold method (Zuker, 2003) . mSCL6-II, mSCL6-III, and mSCL6-IV are modified mRNAs that harbor synonymous nucleotide substitutions in miR171c binding sites. (E, F) Quantification analysis of total shoot branches (E) and plant height (F) of transgenic plants. Asterisks denote significant differences between the indicated genotypes and the 35Spro-MIR171c#2 transgenic lines (Student's t-test, * P , 0.05, ** P , 0.01); n > 30; error bars indicate 6SD.
35Spro-MIR171c and scl6-II scl6-III scl6-IV Mutant Plants Manifest Dramatic Defects in Chlorophyll Accumulation, Primary Root Elongation, Cauline Leaf Patterning, and Flower Organ Formation By visual inspection, we found that the leaves of 35Spro-MIR171c and scl6-II scl6-III scl6-IV mutant plants were much narrower and greener than those of wild-type plants ( Figure 6A and 6B). The 35Spro-MIR171c and scl6-II scl6-III scl6-IV mutant cotyledons and stems were also greener than the wild-type ( Figure 6C-6F) . Chlorophyll a and b levels of cotyledons and leaves of 35Spro-MIR171c and scl6-II scl6-III scl6-IV mutant plants were significantly greater than those of the wild-type ( Figure 6M and 6N) . Moreover, primary root elongation was severely inhibited in 35Spro-MIR171c#2 and scl6-II scl6-III scl6-IV mutant seedlings, and the primary roots of these seedlings were significantly shorter than those of the wildtype ( Figure 6D and 6L). The scl6-II scl6-III scl6-IV mutant plants rarely produced cauline branches ( Figures 5A and 6F ). On some occasions, the mutant plants formed a needle-like structure, or a small axillary bud terminated with a leaf-like structure from the cauline leaves ( Figure 6G and 6H). Unlike wild-type plants, which produced alternate leaves, the scl6-II scl6-III scl6-IV mutant plants occasionally produced opposite leaves, and even three leaves in the same whorl of the stem ( Figure 6I and 6J). The 35Spro-MIR171c and scl6-II scl6-III scl6-IV mutant plants appeared to flower later than wild-type under long-day light conditions (Figure 6A ). Interestingly, scl6-II scl6-III scl6-IV mutant plants occasionally produced flowers with three or five petals during the very early stage of flowering ( Figure 6K ). At the later stages, these abnormal flowers were rarely produced. These observations indicate that miR171c-targeted SCL6 genes play critical roles in regulating plant growth and development in general.
SCL6-II, SCL6-III, and SCL6-IV Are Localized to the Nucleus and Have Transcriptional Activation Activity
GRAS proteins may act as transcriptional activators and are mainly nuclear localized (Lee et al., 2008) . To examine the cellular localization properties of the SCL6 proteins, we analyzed the amino acid sequences of SCL6-II, SCL6-III, and SCL6-IV and found one putative nuclear localization signal (NLS) sequence in each protein ( Figure 7A ). We produced transgenic Arabidopsis plants that constitutively expressed SCL6-II, SCL6-III, or SCL6-IV tagged with green fluorescent protein (GFP). Confocal microscopy showed that SCL6-II, SCL6-III, and SCL6-IV are predominantly localized to the nucleus ( Figure 7C-7E) , whereas GFP is localized to the nucleus and the cytoplasm ( Figure 7B ). To further determine whether the putative NLS sequences in SCL6 are required for nuclear localization, we generated transgenic plants expressing GFP-SCL6-II and GFP-SCL6-IV fusion proteins that lack the putative NLS sequences (GFP-SCL6-IID343-353, lacking amino acids 343-353; and GFP-SCL6-IVD270-280, lacking amino acids 270-280). We found that GFP-SCL6-IID343-353 and GFP-SCL6-IVD270-280 are localized to both the nucleus and the cytoplasm ( Figure 7F and 7G ). This indicates that the predicted NLS sequences are important for nuclear localization of SCL6 proteins. To test whether the SCL6 proteins have transcriptional activation activity, we conducted the yeast one-hybrid assay. All the SCL6 proteins are fusions to the LexA DNA binding domain ( Figure 8A ). The b-galactosidase activity analysis and the plate assay demonstrated that SCL6-II, SCL6-III, and SCL6-IV have significant transcriptional activation activity ( Figure 8B and 8C).
DISCUSSION
MiR171c-targeted SCL6-II, SCL6-III, and SCL6-IV Positively Regulate Shoot Branching SCL6-II, SCL6-III, and SCL6-IV are the predicted targets of miR171c in Arabidopsis, and miR171 can cleave SCL6-III and SCL6-IV mRNA in Arabidopsis and Nicotiana benthamiana leaf tissue (Llave et al., 2002b) . Transgenic plants overexpressing Arabidopsis MIR171a have recently been reported to exhibit multiple developmental defects, including reduced cauline leaf and rosette leaf formation and reduced shoot branching (Song et al., 2010) . Since there has been no visible phenotype observed for loss-of-function mutants of SCL6-II, SCL6-III, or SCL6-IV (Lee et al., 2008) , it remains unknown whether miR171 regulates shoot branching and other physiological processes through targeting SCL6-II, SCL6-III, and SCL6-IV mRNA for cleavage. In the present study, we show that miR171c negatively regulates shoot branching. SCL6-II, SCL6-III, and SCL6-IV transcripts are cleaved by miR171c in Arabidopsis plants ( Figure 1C-1E) , and the expression of miR171c-resistant SCL6-II, SCL6-III, or SCL6-IV in the MIR171c-overexpressing plants rescues the reduced shoot branching phenotype ( Figure 2B and 2E) . It is shown that overexpression of the miRNA leads to increased miRNA levels but decreased target mRNA levels, and that expression of the miRNAresistant mutant mRNA of its targets can rescue the phenotype of the miRNA-overexpressing plants (Chen, 2009; Chuck et al., 2009; Ruiz-Ferrer and Voinnet, 2009 ). We therefore conclude that SCL6-II, SCL6-III, and SCL6-IV are miR171c targets in planta. Consistent with this, loss-of-function triple mutant plants of SCL6-II, SCL6-III, and SCL6-IV show dramatically reduced shoot branching, similar to transgenic plants overexpressing MIR171c ( Figure 5A and 5B). Promoter activity analysis of the MIR171a, MIR171b, MIR171c, SCL6-II, SCL6-III, and SCL6-IV genes indicates that their expression patterns are basically identical (Figure 3 ). To better understand the activities of these genes in shoot branching, further experiments such as GUS staining of shoot apical meristem (SAM) and in-situ hybridization will be needed.
Protein localization studies indicate that SCL6-II, SCL6-III, and SCL6-IV are nuclear localized ( Figure 7C-7E) , and SCL6-II, SCL6-III, and SCL6-IV have transcriptional activation activity in yeast cells (Figure 8 ). Therefore, these data suggest that SCL6-II, SCL6-III, and SCL6-IV may act as transcriptional activators to positively regulate shoot branching, and that miR171c negatively regulates shoot branching through cleaving SCL6-II, SCL6-III, and SCL6-IV transcripts. The transcriptional regulator nature of SCL6 prompted us to look for the potential downstream genes of SCL6 in regulating shoot branching. It is shown that the SHOOT MERISTEMLESS (STM), REV, LAS, and BRANCHED1 (BRC1) act to regulate axillary meristem initiation in the leaf axils (Aguilar-Martinez et al., 2007; Endrizzi et al., 1996; Greb et al., 2003; McConnell et al., 2001) , and that the MORE AXILLARY BRANCHING2 (MAX2), MAX3, and MAX4 act to inhibit subsequent axillary bud outgrowth (GomezRoldan et al., 2008; Umehara et al., 2008) . We have analyzed the expression of these genes by semi RT-PCR, but observed no reproducible changes in the expression of these genes in 35Spro-MIR171c or scl6-II scl6-III scl6-IV mutant (data not shown). More genes such as those involved in auxin biosynthesis and signaling and other shoot development-related genes should be investigated further.
SCL6-II, SCL6-III, and SCL6-IV Play Essential Roles in Regulating Plant Growth and Development
The GRAS family proteins, such as SCR, SCL13, SCL18/LAS, MOC1, PHYTOCHROME A SIGNAL TRANSDUCTION 1 (PAT1), (A) Schematic diagrams displaying T-DNA insertions in the SCL6-II, SCL6-III, and SCL6-IV loci of the scl6-II (FLAG_239F03), scl6-III (SALK_150134), scl6-IV (CS100299) mutants, respectively. P1-P10 are the primers (see Supplemental Table 1 ) used for PCRgenotyping.
(B) PCR analysis of the T-DNA insertions in the SCL6-II, SCL6-III, and SCL6-IV loci in the scl6-II, scl6-III, and scl6-IV single mutants, scl6-II scl6-III, scl6-II scl6-IV, and scl6-III scl6-IV double mutants, and scl6-II scl6-III scl6-IV triple mutants, respectively. (C) RT-PCR analysis of SCL6-II, SCL6-III, and SCL6-IV expression in 7-day-old LD-grown scl6-II scl6-III scl6-IV triple mutant seedlings.
and DELLA, are involved in various physiological processes. SCR, together with another GRAS protein, SHORT ROOT (SHR), plays an important role in regulating both radial patterning and quiescent center (QC) identity in root elongation (Di Laurenzio et al., 1996; Helariutta et al., 2000; Sabatini et al., 2003) . SCL18/LAS positively regulates lateral shoot formation in Arabidopsis (Greb et al., 2003) , and MOC1 promotes tillering in rice . PAT1 and SCL13 act in the phytochrome A signaling pathway to promote photomorphogenic development (Bolle et al., 2000; Torres-Galea et al., 2006) , and the DELLA proteins play a critical role in repressing gibberellin acid (GA) signaling (Silverstone et al., 1998; Morohashi et al., 2003; Nakajima et al., 2006) . The expression of MIR171 and its targets can be regulated by several different genes and environmental factors. For example, MIR171 expression is up-regulated, and its cleavage activity for its targets, SCL6-II, SCL6-III, and SCL6-IV, is suppressed by P1/HC-Pro, a Turnip mosaic virus-encoded RNA-silencing suppressor (Kasschau et al., 2003) . The expression of MIR171 is also regulated by light, temperature, and salt stress (Liu et al., 2008a) . These studies, in conjunction with the demonstration that the MIR171, SCL6-II, SCL6-III, and SCL6-IV genes are expressed ubiquitously in planta (Lee et al., 2008 and this report) , indicate that these genes may be involved in regulating a variety of physiological processes. Consistent with this, MIR171c-overexpressing plants and scl6-II scl6-III scl6-IV triple mutant plants manifest pleiotropic phenotypes, including altered shoot branching, plant height, chlorophyll accumulation, root development, flower structure, leaf shape and patterning (Figure 6 ). Based on the pleiotropic phenotypes we observed for the scl6-II scl6-III scl6-IV triple mutant, the transcriptional regulator nature of GRAS family proteins, and the nuclear localization of SCL6 proteins (Lee et al., 2008 and this report), we propose that SCL6-II, SCL6-III, and SCL6-IV act as critical transcriptional regulators controlling plant growth and development. It will be worth investigating the molecular mechanisms by which these regulators regulate multiple physiological processes in future studies. The identification and characterization of the downstream genes and the establishment of genetic and molecular links to known pathways might be the key to these studies.
In conclusion, we demonstrate here that miR171c-targeted SCL6-II, SCL6-III, and SCL6-IV promote shoot branching. While the results presented here suggest an important role for miR171c and its target genes SCL6-II, SCL6-III, and SCL6-IV in the regulation of shoot branching, it still remains to determine whether SCL6-II, SCL6-III, and SCL6-IV regulate axillary bud elongation or initiation, whether the regulation of shoot branch production by miR171/SCL6 might correlate with the activities of phytohoromes such as auxin and strigolactones, and what the downstream genes of SCL6-II, SCL6-III, and SCL6-IV might be. , and scl6-II scl6-III scl6-IV mutant (lane 3) seedlings. Asterisks denote significant differences between the indicated genotypes and the WT (Student's t-test, ** P , 0.01); n > 30; error bars indicate 6SD. (M, N) Measurements of chlorophyll a and b content in 10-day-old (M) and 25-day-old (N) LD-grown WT (white), 35Spro-MIR171c#2 (black), and scl6-II scl6-III scl6-IV mutant (gray) plants. Asterisks denote significant differences between the indicated genotypes and WT (Student's t-test, * P , 0.05, ** P , 0.01); n = 5; error bars indicate 6SD. Data are representative of three independent datasets, all showing the same effect.
METHODS Plant Material and Growth Conditions
Arabidopsis thaliana Columbia accession (Col) was used as the wild-type. Seeds were sown on Murashige and Skoog (MS) medium, cold-treated for 3 d at 4°C, and then transferred to controlled environment cabinets at 22°C under long-day (LD) light (16 h light/8 h dark) conditions, with a fluence rate of 150 lmol m À2 s À1 of white light (cool-white fluorescent lamps). All plants were grown under these conditions unless stated otherwise. Shoot branches were counted and plant height was measured when the primary inflorescences ceased to produce flowers.
Construction of Plant Expression Cassettes, Plant Transformation, and Characterization of Transgenic Plants
PCR-amplified fragments encoding rice miR171a (OsmiR171a) and Arabidopsis miR171c (miR171c) were cloned into BamHI and XbaI sites of pBluescript SK (pBS). After confirmation by sequencing, fragments encoding OsmiR171a and miR171c were excised by BamHI and XbaI and cloned into the plant expression vector pHB to generate pHBOsMIR171a and pHB-MIR171c, respectively. Approximately 1.1 kb MIR171a, 2.5 kb MIR171b, 2.5 kb MIR171c, 2.5 kb SCL6-II, 2.5 kb SCL6-III, and 2.0 kb SCL6-IV promoter fragments upstream of the translation initiation codon were synthesized by PCR using WT genomic DNA as a template. The resulting fragments of MIR171a, MIR171b, and MIR171c promoters were cloned into PstI and XbaI sites of pCambia1300-GUS (Kang et al., 2009) to give rise to pCambia1300-MIR171apro-GUS, pCambia1300-MIR171bpro-GUS, and pCambia1300-MIR171cpro-GUS, respectively. The fragments of SCL6-II, SCL6-III, and SCL6-IV promoters were cloned into PstI and BamHI sites of pCambia1300-GUS to generate pCambia1300-SCL6-IIpro-GUS, pCambia1300-SCL6-IIIpro-GUS, and pCambia1300-SCL6-IVpro-GUS, respectively.
An expression cassette containing 2 3 35S promoter, MCS, and RBCS poly (A) sequence from the vector pKYL71 was cloned into EcoRI and HindIII sites of pCambia2300 to generate pKS, which confers tolerance to kanamycin. PCR-amplified fragments encoding LUC were cloned into SpeI and XbaI sites of pBS. The fragments of the miR171c-resistant version of the SCL6 genes (mSCL6-II, mSCL6-III, and mSCL6-IV) were cloned in two steps. First, the N-terminal of SCL6 with a point mutation forming a NheI site at the 3' end was cloned into PstI and SpeI, while the C-terminal of SCL6 with a point mutation forming an XbaI site at the 5' end was cloned into XbaI and SpeI. Second, full-length mSCL6-II, mSCL6-III, and mSCL6-IV fragments were cloned into the PstI and SpeI site of pBS-LUC, resulting in pBSmSCL6-II-LUC, pBS-mSCL6-III-LUC, and pBS-mSCL6-IV-LUC, respectively. Fragments encoding mSCL6-II-LUC, mSCL6-III-LUC, and mSCL6-IV-LUC were excised by PstI and XbaI and cloned into the plant expression vector pKS to generate pKSmSCL6-II-LUC, pKS-mSCL6-III-LUC, and pKS-mSCL6-IV-LUC, respectively.
All constructs were confirmed by DNA sequencing before being introduced into the Agrobacterium tumefaciens strain GV3101. The floral dipping method was used to create transgenic plants (Bechtold et al., 1993) . Transgenic seeds were screened on MS plates containing either 100 mg mL À1 kanamycin or 50 mg mL À1 hygromycin. At least 30 independent T1 lines for each construct were generated. Homozygous T4 seeds of three representative lines for each construct were routinely used for phenotypic analysis.
Construction of Double, Triple, and Quadruple Mutants
The scl6-III (SALK_150134) and scl6-IV (CS100299) mutants were obtained from the Arabidopsis Biological Resource Center (Columbus, OH) (Sundaresan et al., 1995; Alonso et al., 2003) . The scl6-II (FLAG_239F03) mutant was obtained from the Versailles Genetics and Plant Breeding Laboratory Arabidopsis Resource Centre (Versailles, France) (Samson et al., 2002) . The scl6-II mutant is in the Wassilewskija background, the scl6-IV mutant is in the Landsberg erecta background, and the others are in the Col background. We crossed scl6-II with scl6-III to obtain the scl6-II scl6-III double mutant, which we then crossed with the scl6-IV mutant to obtain the scl6-II scl6-III scl6-IV triple mutant. The resulting triple mutant was confirmed by RT-PCR ( Figure 4C ) and backcrossed into the Col background twice. The scl6-II, scl6-III, and scl6-IV single mutants, scl6-II scl6-III, scl6-II scl6-IV, and scl6-III scl6-IV double mutants, and scl6-II scl6-III scl6-IV triple mutants were obtained from the BC 2 generation and used for phenotypic analysis. The genotypes of each mutant containing mutations in SCL6-II, SCL6-III, or SCL6-IV were confirmed by PCR with the primers shown in Figure 4A and 4B and Supplemental Table 1 .
RNA Isolation and Analysis
Total RNA was extracted from seedlings performed as described previously (Wang et al., 2009; Wu and Yang, 2009) , and the residual genomic DNA was removed using a DNA-free kit (Ambion, USA). The concentration of total RNA was determined by spectrophotometric measurements. For SCL6-II and SCL6-III, 40 lg total RNA was loaded; for SCL6-IV, 60 lg total RNA was loaded; and for small RNA, 20 lg total RNA was loaded. MiR171 probes were prepared by end-labeling antisense oligonucleotides using T4 polynucleotide kinase (New England Biolabs, Beverly, MA). The probes for SCL6-II, SCL6-III, and SCL6-IV were randomly labeled with a-32 P-dCTP using the 3' cDNA fragments behind the miRNA recognition site as templates.
Histochemical Staining for GUS Activity
Histochemical GUS assays were performed as previously described (Kang et al., 2009 ) with minor modifications. Plant tissue was placed into GUS reaction buffer (0.5 mg mL À1 X-glucuronic acid, 10 mM EDTA, 0.1% Triton X-100, and 2 mM potassium ferri/ferrocyanide in 50 mM phosphate buffer, pH 7.0). After evacuation for 20 min, they were incubated overnight at 37°C. Stained tissues were cleared in 70% ethanol and observed using microscopy. At least three independent trials were performed, and each time, 10-20 individuals were examined for each genotype; representative images are shown in the Results section.
Protein Localization Assays
The PCR-amplified fragment encoding GFP was cloned into PstI and SpeI sites of pBS to generate pBS-GFP. The PCR-amplified fragments of SCL6-II, SCL6-III, and SCL6-IV were cloned into the SpeI and XbaI sites of pBS-GFP, resulting in pBS-GFP-SCL6-II, pBS-GFP-SCL6-III, and pBS-GFP-SCL6-IV, respectively. The deletion fragments encoding SCL6-IID343-353 (lacking amino acids 343-353) and SCL6-IVD270-280 (lacking amino acids 270-280) were generated by two rounds of PCR and cloned into the SpeI and XbaI sites of pBS-GFP, resulting in pBS-GFP-SCL6-IID343-353 and pBS-GFP-SCL6-IVD270-280, respectively. All constructs were confirmed by DNA sequencing. The fragments encoding GFP, GFP-SCL6-II, GFP-SCL6-III, GFP-SCL6-IV, GFP-SCL6-IID343-353, and GFP-SCL6-IVD270-280 were excised from their corresponding constructs by digestion with PstI and XbaI and cloned into pHB to generate pHB-GFP, pHB-GFP-SCL6-II, pHB-GFP-SCL6-III, pHB-GFP-SCL6-IV, pHB-GFP-SCL6-IID343-353, and pHB-GFP-SCL6-IVD270-280, respectively. At least 20 independent T1 lines were generated for each construct, and the roots of each line were examined using confocal microscopy.
Yeast One-Hybrid Assay pLexA bait vectors expressing GUS and Arabidopsis CRY1 N-terminal domain (CNT1) were made previously (Yang et al., 2001) . PCR-amplified cDNA fragments of Arabidopsis SCL6-II, SCL6-III, and SCL6-IV were cloned into EcoRI and XhoI sites of pLexA. Yeast transformation and the calculation of relative b-galactosidase activities were performed as described previously (Yang et al., 2001 ). The plate assay was performed as described previously with minor modifications: the induction plate was grown at 30°C for 24 h and then photographed. At least three independent experiments were performed, and the result of one representative is shown.
Measurements of Chlorophyll Content
Measurements of chlorophyll content were performed according to the protocol described previously (Ni et al., 2009 ).
Chlorophyll was extracted from 100 mg 7-day-old seedlings or 12-day-old adult plants in the dark at 4°C with 10 ml of ethanol (95%). The chlorophyll content was calculated using spectrophotometric absorbance (A) at light wavelengths of 645 and 663 nm using 95% ethanol as a control, and expressed as milligrams of chlorophyll per gram of fresh leaves. Chlorophyll a (mg g 
Luciferase Activity Assays
Quantification analysis of luciferase activity was performed as described previously (Liu et al., 2008b) . Twenty-day-old plants were harvested and frozen in liquid nitrogen, and total protein was extracted using 100 lL 1X Luciferase Cell Culture Lysis Reagent (Promega). Luciferase activity was measured in duplicate with Luciferase Assay reagent (E1500, Promega) using a TD-20/20 Luminometer (Turner Designs).
SUPPLEMENTARY DATA
Supplementary Data are available at Molecular Plant Online. 
